The recycling of photosynthetically fixed carbon by the action of microbial plant cell wall hydrolases is a fundamental biological process that is integral to one of the major geochemical cycles and, in addition, has considerable industrial potential. Enzyme systems that attack the plant cell wall contain noncatalytic carbohydrate-binding modules (CBMs) that mediate attachment to this composite structure and play a pivotal role in maximizing the hydrolytic process. Anaerobic fungi that colonize herbivores are the most efficient plant cell wall degraders known, and this activity is vested in a high molecular weight complex that binds tightly to the plant cell wall. To investigate whether plant cell wall attachment is mediated by noncatalytic proteins, a cDNA library of the anaerobic fungus Piromyces equi was screened for sequences that encode noncatalytic proteins that are components of the cellulase-hemicellulase complex. A 1.6-kilobase cDNA was isolated encoding a protein of 479 amino acids with a M r of 52548 designated NCP1. The mature protein had a modular architecture comprising three copies of the noncatalytic dockerin module that targets anaerobic fungal proteins to the cellulase-hemicellulase complex. The two C-terminal modules of NCP1, CBM29-1 and CBM29-2, respectively, exhibit 33% sequence identity with each other but have no homologues in protein data bases. A truncated form of NCP1 comprising CBM29-1 and CBM29-2 (CBM29-1-2) and each of the two individual copies of CBM29 bind primarily to mannan, cellulose, and glucomannan, displaying the highest affinity for the latter polysaccharide. CBM29-1-2 exhibits 4 -45-fold higher affinity than either CBM29-1 or CBM29-2 for the various ligands, indicating that the two modules, when covalently linked, act in synergy to bind to an array of different polysaccharides. This paper provides the first report of a CBMcontaining protein from an anaerobic fungal cellulasehemicellulase complex. The two CBMs constitute a novel CBM family designated CBM29 whose members exhibit unusually wide ligand specificity. We propose, therefore, that NCP1 plays a role in sequestering the fungal enzyme complex onto the plant cell wall.
The recycling of photosynthetically fixed carbon, by the action of microbial plant cell wall hydrolases, is a pivotal biological process that is integral to one of the major geochemical cycles in the biosphere. This process is also of considerable industrial importance as it releases 10 11 tons of monosaccharides annually, and these carbohydrates could be exploited in the chemicals and fuel industries (1) . The plant cell wall is a complex insoluble matrix that is highly recalcitrant to biological degradation. Thus, microbial enzymes that attack the plant cell wall need to be in intimate and prolonged contact with this composite structure. To facilitate this interaction, plant cell wall hydrolases expressed from aerobic microorganisms are generally modular in structure comprising a catalytic module appended to one or more noncatalytic carbohydrate-binding modules (CBMs; Ref. 2) . 1 CBMs have been grouped into families based on primary structure similarities (afmb.cnrs-mrs.fr/ ϳpedro/CAZY/cbm.html). Currently there are 27 CBM families, with the majority of these modules binding to cellulose, xylan, chitin, or starch. In anaerobic bacteria the plant cell wall degradative enzymes assemble into large multiprotein complexes that bind tightly to cellulose (3) . Although some of the enzymes in this complex contain CBMs, the attachment of these complexes to the plant cell wall is thought to be mediated primarily by a high affinity family 3a CBM that is a component of the noncatalytic scaffolding protein (termed scaffoldin or cellulosome integrating protein; CipA) that plays a key role in complex assembly (4) .
The most efficient plant cell wall degrading microorganisms known are anaerobic fungi that colonize the gastrointestinal tract of herbivores (5) . These microbial eukaryotes synthesize a high molecular weight cellulase-hemicellulase complex that binds tightly to the plant cell wall (6) . This complex is secreted into the culture medium (7) and, thus, unlike the corresponding anaerobic bacterial complexes, is not cell-associated (8) . The enzymes in the complex have a relatively simple molecular architecture comprising a catalytic module attached to noncatalytic 40-residue modules referred to as dockerins (9) . These dockerins bind to a 100-kDa protein and are believed to play a key role in complex assembly (10) . Currently no CBMs have been identified in anaerobic fungal enzymes that contain dockerins and are therefore part of the complex, and thus the mechanism by which the cellulase-hemicellulase complex interacts with the plant cell wall has remained elusive.
In this report we describe, for the first time, the isolation and characterization of a CBM-containing noncatalytic protein, designated noncatalytic protein 1 (NCP1), that is a component of the anaerobic fungal cellulase-hemicellulase complex. The protein contains three dockerin modules and two copies of a novel CBM family, termed CBM29. The CBM29s exhibit wide ligand specificity, and their importance in the attachment of the fungal complex to the plant cell wall is discussed.
MATERIALS AND METHODS

Microbial Strains, Vectors, and Culture Conditions-Piromyces equi
(strain IMI CC number 375061) was isolated from horse caecum (11) under anaerobic conditions in minimal medium (12) containing soluble oat spelt xylan (0.1%, w/v) and Sigmacell (0.5%, w/v) (both from Sigma) or 0.2% cellobiose only as carbon sources. Escherichia coli strains XL1-Blue (Stratagene) and BL21:pLysS (Novagen) were cultured in LB broth. Ampicillin (100 g/ml) was added to select for transformants. Plasmid vectors used were pCR-Blunt (Invitrogen), pET22b (Novagen), and pQE-30 (Qiagen).
Library Construction and Screening-The cDNA library used in this study was previously constructed in ZAPII using mRNA extracted from P. equi grown in medium containing insoluble cellulose (Avicel) and soluble oat spelt xylan (6) . Recombinant phages were screened for the production of proteins immunoreactive with antibodies raised against purified P. equi multiprotein cellulase-hemicellulase complex and also with antibodies raised against a reiteration of a fungal dockerin as described by Fillingham et al. (13) . Antibody screening of phage plaques was carried out essentially as recommended in the manual accompanying the picoBlue TM immunoscreening kit (Stratagene), with the following modifications. Isopropyl-thio-␤-D-galactopyranoside (IPTG; 0.33 mM) was added directly to soft agar overlays containing recombinant ZAPII and host bacteria (E. coli XL1-Blue). The plaques were lifted onto Hybond-C filters (Amersham Pharmacia Biotech). The blocking solution contained dried milk powder (4%, w/v) in place of bovine serum albumin. Anti-rabbit IgG (whole molecule) conjugated to horseradish peroxidase (Sigma) and diluted 1:4000 was used as secondary antibody. Positive phage were screened for endoglucanase, mannanase, general esterase, xylanase, and aryl-␤-and aryl-␣-glycoside activity as described previously (6, 13) .
Other DNA Methods-RNA was isolated from P. equi as described previously (9) . Plasmid and phage DNA were purified using Qiagen columns. Digestion of DNA with restriction endonucleases, ligation of DNA with T4 DNA ligase, agarose gel electrophoresis, and transformation of E. coli were carried out as described previously (14) . DNA sequencing was carried out using an Applied Biosystems Instruments 373 automated DNA sequencer, using the PRISM TM dye-deoxy terminator sequencing kit (Applied Biosystems Instruments). Custom-made primers were used where necessary to complete the sequences of both strands (Molecular Biology Facility, Babraham Institute). Northern hybridizations were performed as described previously (15) .
Sources of Carbohydrates-Konjac glucomannan (acetylated; glucose:mannose ϭ 40:60), carob galactomannan (galactose:mannose ϭ 20:80), wheat arabinoxylan (arabinose:xylose ϭ 41:59), rye arabinoxylan (arabinose:xylose ϭ 49:51), ␤-glucan, sugar beet arabinan, potato galactan, and rhamnogalacturonan were from Megazyme International. Locust bean gum galactomannan, larchwood arabinogalactan, laminarin, methyl glucuronoxylan, Saccharomyces cerevisiae mannan and oat spelt xylan (arabinose:xylose ϭ 10:90) were from Sigma. Hydroxyethyl cellulose (HEC) was from Aldrich. Bacterial microcrystalline cellulose (BMCC), acid swollen cellulose (ASC), and the soluble and insoluble fractions of oat spelt xylan were prepared essentially as described previously (16 -18) .
Construction of Plasmids-To produce pAF2, which encodes C-terminal His 6 -tagged CBM29-1-2 (residues 174 -478 of NCP1; see Figs. 1 and 2), the region of ncp1 (encodes NCP1) from nucleotides 520 to 1437 (see Fig. 1 ) was amplified from pAF1 (a recombinant of pBluescript containing full-length ncp1; see Fig. 2 ) by the polymerase chain reaction (PCR) using the following primers: 5Ј-TTTATAAGGATCCGTTAGTGC-TACTTACTCTGTTGTTTATGAAACTGG-3Ј and 5-AACAGTTTCTAA-GCTTTTAATTTATTGGGTCAACGAAATCATCAGCAGATCC-3Ј, which contain BamHI and HindIII restriction sites, respectively (underlined). The three bases highlighted in bold type encode a stop codon. The amplified DNA sequences were restricted with BamHI and HindIII and cloned into the similarly digested expression vector pQE-30. The plasmid pVM1, which encodes C-terminal His 6 -tagged CBM29-1 (residues 174 -317 of NCP1; see Figs. 1 and 2), was constructed as follows. Nucleotides 520 -951 of the ncp1 gene ( Fig. 1) were amplified from the plasmid pAF1 by PCR using the following primers: 5Ј-TAACATATGG-TTAGTGCTACTTACTCTG-3Ј and 5Ј-GGTTCTTGTGATGATTTCATC-CTCGAGCTT-3Ј, which contain NdeI and XhoI restriction sites, respectively (underlined). The amplified DNA was ligated into pCR-Blunt, excised with NdeI and XhoI, and cloned into similarly digested pET22b for expression. To produce pVM2, which encodes C-terminal His 6 -tagged CBM29-2 (residues 335-478 of NCP1; see Figs. 1 and 2), the region of ncp1 from nucleotides 1003 to 1434 (see Fig. 1 ) was amplified from the plasmid pAF1 by PCR with the following primers: 5Ј-TAAC-ATATGAATGTCAGAGCCACTTACAC-3Ј and 5Ј-GATTTCGTTGACC-CAATAAATCTCGAGCTT-3Ј, which contain NdeI and XhoI restriction sites, respectively (underlined). The amplified DNA was ligated into pCR-Blunt, excised using NdeI and XhoI, and cloned into pET22b. In all cases PCR was performed using PfuTurbo ® (Stratagene) DNA polymerase, and the amplified products were sequenced in pCR-Blunt to check for any mutations. The names of the plasmids used in this study and the molecular architecture of the recombinant proteins they encode is shown in Fig. 2 .
Production of Recombinant Proteins-E. coli strains harboring recombinant plasmids (XL1-Blue for pQE-30 and BL21:pLysS for pET22b) were cultured in 400 ml of LB broth containing ampicillin (100 g/ml) in 2-liter conical flasks. Cultures were grown to mid-log phase at 37°C and 200 rpm and then transferred to 30°C for 20 min. Expression of target proteins was induced by the addition of IPTG at a final concentration of 0.5 (pQE30) or 1 mM (pET22b) and incubated for a further 2-4 h at 30°C and 200 rpm.
Purification of Recombinant Proteins-CBM29-1-2 and CBM29-2 were both produced in a soluble form in E. coli and were purified by immobilized metal affinity chromatography as follows. The cells were harvested by centrifugation (4500 ϫ g) for 10 min at 4°C, and the supernatant was discarded. The cell pellet was resuspended in 1 ⁄40 volume 20 mM Tris-HCl, pH 8.0, containing 100 mM NaCl (Buffer A), and the cells were lysed by sonication before being centrifuged at 25,000 ϫ g for 20 min at 4°C. The supernatant was applied to a 5-ml bed volume TALON TM column (CLONTECH), which was then washed with 30 ml of Buffer A, followed by a more stringent wash with 20 ml of Buffer A containing 10 mM imidazole, before the purified protein was eluted with 20 ml of Buffer A containing 100 mM imidazole. The CBMs were then dialyzed against 2 ϫ 2 liters of 50 mM sodium phosphate buffer, pH 7.0, at 4°C before being concentrated using 5-kDa cut-off centrifugal concentrators (Vivascience) and stored at 4°C with the addition of 0.02% sodium azide to prevent microbial contamination. CBM29-1 was predominantly insoluble when produced in E. coli and was purified from inclusion granules by immobilized metal affinity chromatography and refolded as described previously (19) . Some soluble CBM29-1 was produced when the cells were grown at 22°C, and this was purified as described for CBM29-1-2 and CBM29-2 and was used in the affinity gel electrophoresis (AGE) experiments. As the soluble and refolded forms of CBM29-1 exhibited equal affinity for galactomannan as judged by quantitative AGE, the two forms of the protein displayed the same biochemical properties. The refolded form of the protein was used for the quantitative ligand binding assays because it could be produced at significantly higher levels than the soluble form.
Affinity Gel Electrophoresis-The capacity of NCP1 and its derivatives to bind soluble plant structural polysaccharides was evaluated by AGE. Qualitative assessment of binding was carried out as follows. Continuous native polyacrylamide gels were prepared consisting of 7.5% (w/v) acrylamide in 25 mM Tris, 250 mM glycine buffer, pH 8.3. To one of the gels 0.1% polysaccharide was added prior to polymerization. Approximately 5 g of each CBM and bovine serum albumin (as a noninteracting negative control) were loaded on the gels and subjected to electrophoresis at 10 mA/gel for ϳ2 h at room temperature. Quantitative assessment of binding was carried out as described previously (20) using the same gel system as described above.
Isothermal Titration Calorimetry-Isothermal titration calorimetry was performed essentially as described by Bolam et al. (21) except that the protein concentration used was 20 M and the stock ligand concentration was 225 M.
Qualitative Binding of CBM29s to Insoluble Ligands-Qualitative assessment of CBM29 binding to insoluble polysaccharides was carried out as follows. Pure protein (ϳ5 nmol) was mixed with insoluble polysaccharide (2 mg) in 1.5-ml Eppendorf tubes to a final aqueous volume of 250 l. The tubes were incubated on ice for 1 h, with regular gentle mixing before being centrifuged at 13,000 ϫ g for 1 min, and the supernatant, containing unbound protein, was carefully removed. The polysaccharide pellet was then washed twice in 250 l of 50 mM sodium phosphate buffer, pH 7.0, before being resuspended in 250 l of 10% (w/v) SDS and boiled for 10 min to release any bound protein. Controls with protein but no polysaccharide were included to ensure that no precipitation occurred during the assay period. The samples (equivalent volumes of start material, bound and unbound protein, and control supernatant) were then subjected to SDS-PAGE on 10% (w/v) polyacrylamide gels. Competition assays with soluble polysaccharides (carob galactomannan, konjac glucomannan, HEC, and rye arabinoxylan) were performed essentially as described above, except that 2 mg of each soluble polysaccharide was added to the start material immediately prior to the protein being mixed with the insoluble polysaccharide.
Binding Isotherms-Binding isotherms were used to quantify the affinity of the NCP1 derivatives for ASC and insoluble ivory nut mannan. The protocol used was essentially the same as that described by Bolam et al. (21) , except that the binding took place at 25°C and 1-150 M protein was used for each isotherm. The data were analyzed by nonlinear regression using a standard single-site binding model (GraphPad Prism, version 2.01), and the N 0 (binding capacity) and K a values were obtained from the regressed isotherm data. At least three separate binding isotherms were carried out for each protein.
Antisera and Western Blotting-Antiserum against purified CBM29-1-2 was raised in Dutch rabbits as described previously (13) . To prepare the fungal proteins for Western analysis, P. equi was grown for 48 h on medium in which cellobiose was the sole carbon source. The culture supernatant was freed from fungal biomass by filtration through four layers of muslin. The pH of the solution was adjusted to 7.5 with 5 M 
FIG. 4.
Western analysis of the P. equi cellulase-hemicellulase complex. Western analysis was carried out using antiserum raised against CBM29-1-2. Lane 1, cell-free extract of E. coli XL1-Blue harboring pQE3-30; lane 2, the cellulase-hemicellulase complex of P. equi purified by cellulose affinity chromatography; lane 3, CBM29-1-2 purified from E. coli. The molecular mass markers are indicated. NaOH, BMCC was added (3 g/liter culture supernatant), and the mixture was incubated with constant stirring for 8 h at 4°C. The cellulose was recovered by centrifugation at 13, 500 ϫ g for 5 min and repeatedly washed with ice-cold 100 mM Tris-HCl buffer, pH 7.5, containing 150 mM NaCl. The insoluble cellulose was harvested by centrifugation, and the supernatant was discarded leaving a residual slurry of buffer and BMCC. Bound proteins were then released from the BMCC by removing 100 l of the residual slurry, pelleting the insoluble polysaccharide, and resuspending the pellet in 30 l of 10% (w/v) SDS containing 10% (v/v) mercaptoethanol. After incubating at 100°C for 5 min, the proteins released from the BMCC were separated by SDS-PAGE, and subjected to Western blots according to the protocol provided with the Enhanced Chemiluminescence detection system (Amersham Pharmacia Biotech).
RESULTS
Isolation and Sequence of the cDNA Encoding NCP1-The primary objective of this study was to identify and characterize noncatalytic protein(s) within the cellulase-hemicellulase complex synthesized by P. equi. The approach taken was to screen a cDNA library of P. equi cultured on cellulose and xylan using separate antisera raised against the cellulase-hemicellulose complex and the conserved dockerin module to identify DNA sequences encoding proteins that are located in the complex. The cDNAs were then screened to eliminate those that directed the synthesis of an enzyme involved in plant cell wall degradation. Details of these screens are provided under "Materials and Methods." A single 1.6-kilobase cDNA (designated ncp1) was isolated that encoded a protein (defined as NCP1 (noncatalytic protein 1) with no apparent catalytic activity.
The nucleotide sequence of ncp1 revealed an AT-rich sequence at both the 5Ј and 3Ј ends, typical of the noncoding regions of anaerobic fungal DNA (9, 10). Northern analysis using ncp1 as the probe revealed a single mRNA species of 1.6 kilobases (data not shown), indicating that the cDNA represented the full-length mRNA. The cDNA contained a single open reading frame of 1437 nucleotides coding for a protein of M r 52548 ( Fig. 1 ; GenBank TM accession number AY026754). Codon utilization of ncp1 was similar to other anaerobic fungal genes (9, 10) with 73% of codons showing a preference for A or T in the wobble position, with G rarely present in the third nucleotide position.
Molecular Architecture of NCP1-Comparison of the deduced primary structure of NCP1 with sequences in current data bases revealed that the polypeptide was modular in structure and comprised five distinct modules preceded by a signal peptide (Fig. 2) . Between the three N-terminal and the two Cterminal modules was an unusual linker sequence containing four repeats of the motif R 2 T 4 -5 . The three N-terminal modules exhibited extensive homology with each other and with a highly conserved 40-residue sequence, known as the dockerin module that is present in virtually all anaerobic fungal plant cell wall hydrolases characterized to date (10) . Previous studies have shown that the dockerin binds to a 100-kDa protein in the anaerobic fungal cellulase-hemicellulase complex, and this interaction is believed to be important in complex assembly (10) . The two C-terminal 140-residue modules, designated CBM29-1 and CBM29-2, respectively, displayed 33% sequence identity with each other (Fig. 3) but exhibited no significant similarity to any proteins found in databases using a tFASTA search program. 2) and to 2 mg of BMCC (lanes 3 and 4) and incubated on ice for 1 h. Unbound protein (lanes 1 and 3) was removed, and the insoluble cellulose pellet was washed twice with 250 l of 50 mM sodium phosphate, pH 7.0. Bound protein (lanes 2 and 4) was eluted by boiling the cellulose in 250 l of 10% (w/v) SDS. All of the samples were subject to SDS-PAGE using a 10% (w/v) polyacrylamide gel, together with Sigma molecular mass markers (lane M). The size of appropriate standards are shown in kDa. 
NCP1 Is Part of the Cellulase-Hemicellulase
Complex-The C-terminal portion of NCP1 (CBM29-1-2) containing CBM29-1 and CBM29-2 and also CBM29-1 and CBM29-2 individually were expressed in E. coli appended to C-terminal His 6 tags. The three proteins were purified, and their biochemical properties were investigated. To confirm that NCP1 is a component of the P. equi cellulase-hemicellulase complex, polyclonal antiserum raised against purified CBM29-1-2 was used to probe the multi-protein complex in a Western blot. The cellulasehemicellulase complex used in the Western analysis was purified from the culture supernatant by BMCC affinity chromatography. The data (Fig. 4) revealed a single species of ϳ62 kDa that was similar to the predicted size of NCP1, indicating that the protein was indeed part of the cellulase-hemicellulase complex and that NCP1, when expressed in P. equi, did not appear to be substantially glycosylated.
CBM29-1-2 Binds to Polysaccharides-
The most common function of noncatalytic modules in cellulase-hemicellulase systems is to mediate binding to plant structural polysaccharides (22) . To evaluate whether CBM29-1-2 comprises a novel CBM, the capacity of the protein and its two derivatives, CBM29-1 and CBM29-2, to bind to a series of soluble and insoluble polysaccharides was evaluated. The data, displayed in Table I , with examples in Fig. 5 , showed qualitatively that all three proteins bound to soluble forms of ␤-mannan, glucomannan, ␤-glucan, and cellulose. CBM29-1-2 was also able to interact with arabinoxylan from rye and to a lesser extent with xylans from oat spelt and wheat, as well as glucuronoxylan. The same pattern of xylan binding was observed for CBM29-2 but at significantly lower apparent affinity, whereas CBM29-1 bound weakly to rye arabinoxylan but not to the other xylans tested. It is not readily apparent why the CBM29s should show a preference for rye arabinoxylan compared with the other xylans tested. NCP1 and its derivatives did not interact with any of the other soluble polysaccharides evaluated. Qualitative binding assays against insoluble polysaccharides revealed that all three proteins also interacted with Avicel, ASC, and ivory nut mannan, although they did not bind to BMCC (a highly crystalline form of cellulose) or to insoluble oat spelt xylan (example data shown in Fig. 6 ).
To investigate whether CBM29-1-2 contains a common binding site for the mannose-, glucose-, and xylose-containing polysaccharides, the protein was bound to ASC in the presence of soluble rye arabinoxylan, glucomannan, carob galactomannan, and HEC. The data (not shown) revealed a significant reduction in binding of CBM29-1-2 to the insoluble polysaccharide, indicating that xylan, cellulose, and mannan bound to a common site on the protein. The protein was not eluted from insoluble cellulose by high concentrations (500 mM) of glucose, xylose, or mannose (data not shown), indicating that it did not interact tightly with monosaccharides.
Evidence of Cooperative Binding between CBM29-1 and CBM29-2-Quantitative AGE was used to determine the interaction of these proteins with soluble ligands (Fig. 7 and Table  II) , whereas binding isotherms were carried out to determine the affinity of CBM29-1-2, CBM29-1, and CBM29-2 for insoluble polysaccharides (Fig. 8 and Table III ). The data showed that the affinity of all three proteins for glucomannan was much higher than for the other soluble polysaccharides. This interpretation of the data, however, must be treated with some caution because the relative affinity is based on the assumption that the molar concentration of binding sites/unit weight of backbone polysaccharide was similar for each soluble ligand. For insoluble and soluble polysaccharides the affinity of CBM29-1 was, respectively, ϳ3-and ϳ10-fold lower than CBM29-2 for the same ligand. For all ligands tested CBM29-1-2 had an affinity considerably higher than the additive value for the individual CBM29s, with the degree of cooperativity being much more evident for glucomannan and rye arabinoxylan (cooperativity ϳ20 -45-fold) than for the other polysaccharides (cooperativity ϳ4 -6-fold). Isothermal titration calorimetry (Fig. 9 ) was used to determine the affinity and thermodynamics of the binding of CBM29-1-2 to glucomannan. The data (Fig. 9) gave K a , ⌬G, ⌬H, and T⌬S values of 828000 M Ϫ1 , Ϫ8.1 kcal mol Ϫ1 , Ϫ25.7 kcal mol Ϫ1 , and Ϫ17.7 kcal mol Ϫ1 , respectively, with a c value (protein concentration ϫ association constant ϫ number of binding sites on the protein) of 17.3 and a stoichiometry of binding of 0.95. Thus, the binding of CBM29-1-2 to glucomannan was enthalpically driven, with entropy contributing unfavorably to the interaction. Collec- tively, these data indicate that in native NCP1, the two forms of CBM29 act cooperatively to bind to its various polysaccharide ligands.
DISCUSSION
This paper reports, for the first time, the isolation and characterization of a non-catalytic protein from the cellulase-hemicellulase complex of an anaerobic fungus and provides the first insight into how this enzyme system is able to bind to plant structural polysaccharides. Several lines of evidence support the view that NCP1 is a component of the fungal cellulasehemicellulase complex. Thus, antisera raised against the CBM components of NCP1 cross-reacted with a 62-kDa protein (similar to the predicted size of NCP1) present in the enzyme complex purified from the fungal culture supernatant. Furthermore, NCP1 contains three copies of the 40-residue sequence referred to as a dockerin, and proteins that contain dockerins have been shown to be components of the fungal cellulasehemicellulase complex (10, 23) . In contrast, plant cell wall hydrolases from fungi that do not contain dockerin sequences are secreted into the culture medium but do not associate with the enzyme complex (24, 25) . Several different dockerin sequences have been shown to interact with a 100-kDa protein that is a component of the complex (10, 23) , including the three dockerins from NCP1 (data not shown), and this interaction provides a mechanism for complex assembly. These data therefore strongly indicate that NCP1 is a component of the fungal complex.
The characterization of NCP1 has revealed several major differences between the molecular architecture and ligand specificity of CBMs in anaerobic prokaryotic and eukaryotic multienzyme cellulase-hemicellulase complexes. In the bacterial systems the high affinity CBM3a is a component of the scaffoldin protein (4), although several of the catalytic subunits contain their own CBMs that bind to the polysaccharide attacked by the associated enzyme (26 -29) . In contrast, none of the anaerobic fungal enzymes described to date that contain a dockerin module (a signature for complex incorporation) have additional non-catalytic modules such as CBMs. It is likely, therefore, that the fungal complex contains one or a small number of CBMs that are not covalently attached to catalytic modules. If one accepts this premise it seems reasonable to assume that, given the diversity of polysaccharides attacked by the fungal enzyme complex, the CBMs in this system will exhibit broad ligand specificity. This view is entirely consistent with the biochemical properties of NCP1, which is capable of binding to the major forms of cellulose and hemicellulose located in the plant cell wall.
Although it is tempting to suggest that NCP1 is the only CBM in the anaerobic fungal complex, such a conclusion is somewhat premature. The fungal enzyme system binds tightly to highly crystalline forms of cellulose, such as BMCC, whereas NCP1 appears to bind primarily to amorphous forms of the glucose polymer, suggesting that the fungal complexes contain at least one other CBM type. It could be argued, however, that the ligand specificity of NCP1, when part of the anaerobic complex, is different to the protein expressed in E. coli. For example it is possible that the incorporation of multiple copies of NCP1 into single multienzyme complex molecules may mediate synergistic interactions between these proteins, leading to increased affinity for crystalline cellulose.
Both CBMs characterized in this report display novel ligand specificity and primary sequences. The two CBMs therefore define a new protein family designated CBM29. In general CBMs exhibit restricted ligand specificity, binding tightly to only a single type of polysaccharide (21, 26) . In contrast, the two CBM29s bind to a range of polysaccharides including the heterogeneous polymer glucomannan. The observation that these modules bind tightly to soluble polysaccharides, exhibit low capacity for semi-crystalline mannan (ivory nut mannan), and do not interact with monosaccharides or highly crystalline cellulose (BMCC), indicate that the proteins interact with single polysaccharide chains, and thus the ligand-binding site of the CBM29 modules is likely to consist of a cleft rather than the pocket topology typical of many lectins (30) or the planar surface of crystalline cellulose binders (31) (32) (33) . The capacity of the CBM29s to bind to glucomannan could reflect the biological role of the protein. Glucomannan is the major hemicellulose in softwoods (34) , and it is possible that the primary role of the CBM is to attach the fungal enzyme complex to plant cell wall material derived from softwoods. If this view is correct then it is highly likely that this enzyme system contains at least one other type of CBM that binds tightly to cellulose.
The data presented in this paper demonstrate that the two CBMs act in synergy to bind to all their target ligands. It is interesting to note that CBM29-2 displays higher affinity than CBM29-1 for the target ligands, even though the two modules exhibit 33% sequence identity and are therefore likely to have arisen from a gene duplication event. It is possible that the synergy exhibited by the two CBMs exerted a selection pressure that resulted in the N-terminal module accumulating mutations that lead to a reduction in overall affinity. The affinity of CBMs for plant structural polysaccharides should enable the enzyme complex to be in intimate contact with its substrate but also to exhibit sufficient mobility so that it can access the complete plant cell wall. It is possible that two covalently linked "high affinity" CBM29s exhibited such high affinity for the plant cell wall that the mobility of the protein was restricted. Thus, the primary evolutionary driver was to select for variants of NCP1 with reduced affinity so that the enzyme complex remained in close contact with the plant cell wall but still exhibited a high level of mobility. Currently there have been limited studies on the cooperativity between discrete CBMs. Linder et al. (35) showed that two CBM1s linked together artificially exhibited synergy when binding to insoluble cellulose. Similarly a recent report by Bolam et al. (21) showed that the two CBM2bs in Cellulomonas fimi Xyn10A displayed cooperative binding to xylan and cellulose. In both studies it was suggested that cooperativity arose through the binding of the linked CBMs to adjacent sites on the polysaccharide ligand. In this report we show that cooperativity is much more evident with glucomannan and arabinoxylan than the other ligands evaluated. It is possible that in ivory nut mannan and ASC, which are both insoluble, the exposed disordered regions of the polysaccharide chains that are available for ligand binding are relatively short. Thus, most of these sites would not accommodate the binding of two adjacent CBM29 modules, a prerequisite for cooperativity (35) . Similarly the side chains of HEC and carob galactomannan may prevent binding of the CBMs, which again will result in relatively small binding sites (unsubstituted regions) that can rarely accommodate two CBM29 modules. It is interesting to note that the arabinose side chains of rye arabinoxylan do not appear to limit cooperative binding, suggesting that the proteins can accommodate these furanose sugars. This is consistent with the observation that xylanbinding CBMs can also accommodate xylans decorated with arabinose moieties (21, 26) .
It is apparent that a large number of microbial glycoside hydrolases contain multiple CBMs, and it is tempting to speculate that the evolutionary rationale for this common molecular architecture is that it confers increased affinity for the plant cell wall. Reports on other CBMs, however, do not support this view. For example, the two CBM4s in a cellulase and a xylanase did not exhibit cooperativity for their respective ligands (17, 36) . Similarly, there is no evidence for synergy between the CBM2a and CBM10 modules that are found in a range of different glycoside hydrolases synthesized by Pseudomonas cellulosa (37) . NMR studies on the two CBM4s in Cf Cel9B suggest that the binding clefts of these modules are fixed (there is no linker between the modules) in an orientation that does not allow them to access the same polysaccharide chain, providing an explanation for the lack of synergy observed (36) . Nevertheless, we believe that the cooperativity in ligand binding between multiple CBMs in the same protein, as occurs in Cf Xyn10A and P. equi NCP1, is an emerging trend in modular glycoside hydrolases.
Conclusions-This paper provides the first report of both CBMs and a non-catalytic protein from the anaerobic fungal cellulase-hemicellulase complex. The binding characteristics of NCP1 show that it exhibits unusually wide ligand specificity and that the two CBM29s act in synergy to bind to insoluble and soluble forms of cellulose and mannan as well as soluble glucomannan and arabinoxylans. We propose that a similar enhancement of polysaccharide binding will be observed for many of the modular glycoside hydrolases that contain multiple CBMs from the same family and that are joined by flexible linker sequences. The more efficient binding of these enzymes to polysaccharides within the plant cell wall provides an explanation for the common occurrence of multiple copies of homologous CBMs in single cellulases and hemicellulases. Finally, the lack of CBMs in any of the catalytic subunits in anaerobic fungal complexes indicates that NCP1 is one of a relatively small number of CBM-containing proteins in these enzyme systems and is likely to play a key role in plant cell wall degradation by mediating substrate attachment. We propose that the restricted number of different CBMs in these fungal systems provides an explanation for the capacity of CBM29-1 and CBM29-2 to interact with several different polysaccharides. 
